Abstract A controlled synthesis of CuO nanostructures with various morphologies were successfully achieved by presence/absence of low frequency (42 kHz) ultrasound with two different methods. The size, shape and morphology of the CuO nanostructures were tailored by altering the ultrasound, mode of addition and solvent medium. The crystalline structure and molecular vibrational modes of the prepared nanostructures were analysed through X-ray diffraction and FTIR measurement, respectively which confirmed that the nanostructures were phase pure high-quality CuO with monoclinic crystal structure. The morphological evaluation and elemental composition analysis were done using TEM and EDS attached with SEM, respectively. Furthermore, we demonstrated that the prepared CuO nanostructures could be served as an effective photocatalyst towards the degradation of methyl orange (MO) under visible light irradiation. Among the various nanostructures, the spherical shape CuO nanostructures were found to have the better catalytic activities towards MO dye degradation. The catalytic degradation performance of MO in the presence of CuO nanostructures showed the following order: spherical \ nanorod \ layered oval \ nanoleaf \ triangular \ shuttles structures. The influence of loading and reusability of catalyst revealed that the efficiency of visible light assisted degradation of MO was effectively enhanced and more than 95 % of degradation was achieved after 3 cycles.
Introduction
The semiconductor nanostructure materials have been drawn considerable interest in recent years because of their unique properties such as a large surface-to-volume ratio leads to the enhanced physical and chemical properties that are not characteristic of the atoms or of their bulk counterparts [1] . Specifically, oxide nano-semiconductors are an important class of semiconductors, which have applications in various technological fields like opto-electronic industry [2] , magnetic storage media [3] , solar energy transformation [4] , sensors [5] and photocatalysis [6] . Among the oxides semiconductors, CuO nanomaterial has been attracted much attention because of its novel properties towards the application in various technological industries [7] . Naturally, CuO is a typical p-type semiconductor with the narrow band gap between 1.2 and 1.5 eV [8] which makes this material a key component of high temperature superconductors [9] , giant magneto-resistance [10] and photoconductive [11] .
The controlled synthesis of oxide nano-semiconductors with well-defined morphology at low cost has been attracted much attention since the optoelctronic and catalytic properties are strongly influenced by the size [12] and shape [13, 14] which make these oxide nano-semiconductors as a potential candidate for environmental catalytic industries. There are several synthesis routes such as solution based technique [15] , hydrothermal [16] , microwave [17] and ultrasonics [18] have been developed to prepare well-defined nanostructures with different morphologies. The size, shape and morphology of the CuO nanostructures are greatly affected by various parameters such as concentration of constituents, temperature and aging time [15, 19, 20] .
Recent years, the organic pollutants from the industries are increasing day by day which cause a major source of environmental pollutions. There are several semiconductor nanostructures like CuO, Fe 2 O 3 , ZnO, ZnS, CuS, Nb 2 O 5 and TiO 2 have been developed for the photocatalytic degradation of various organic pollutants [21] [22] [23] [24] [25] [26] [27] . Among these semiconductors, CuO nanostructure is a potential candidate for the catalytic activities due to its higher surface area and ease tuning of size and shape [28] . Methyl orange (MO) is an important coloured compound being used in dyeing and textile industries, which causes toxic to the human health. Therefore, the removal of organic contaminants from the pollutants is an important challenge for the clean environment. Until now, several researchers have reported the photocatalytic activities of CuO nanostructure and its composites with different morphologies against various organic contaminants. For instance, Li et al. [29] and Liu et al. [30] have reported the photodegradation of rhodamine-B using different CuO nanostructures and, Wang et al. [31] have studied the photodegradation of methylene blue dye using CuO nanostructures. Similarly, the photodegradation of methylene blue (MB) and methylene violet (MV) dyes using CuO nanostructures with different morphologies has been studied by Meshram et al. [32] and Ejhieh et al. [33] . The photodegradation of methyl orange using CuO nanostructures with different morphologies is rarely reported. Recently, Sharma et al. [34, 35] have reported the structural and photocatalytic investigations on copper oxide nanoparticles and nanocomposites and Chen et al. [36] and Huang et al. [37] have studied the photocatalytic activities of methyl orange using CuO micro shuttles and microrods.
Owing the importance of CuO nanostructures in various environmental photocatalysis, we synthesized CuO nanostructures using presence/absence of low frequency ultrasound (42 kHz) process and different organic solvents medium that allows the formation of nanostructures with an excellent shape and size control. The visible light driven photocatalytic activities of as-prepared CuO nanostructures were evaluated against methyl orange dye contaminant. Furthermore, the influence of catalyst loading and photostabilty of catalyst were investigated.
Experimental

Synthesis of CuO nanostructures
All chemicals used in the experiment were of high purity reagents purchased from Sigma-Aldrich without further purification. Method 1 The CuO nanostructures were prepared by adding drop-wise 200 ml of 0.05 M copper (II) nitrate trihydrate (Cu(NO 3 ) 2 Á3H 2 O) dissolved in solvent (double distilled water, ethanol and methanol, separately) into 200 ml of 0.1 M NaOH dissolved in solvent (double distilled water, ethanol and methanol, separately). These mixtures were irradiated separately under ultrasound (42 kHz), continuously for 2 h at room temperature. The black coloured dispersion formed was kept at room temperature for 16 h to get the precipitate. The formed precipitates were collected and washed with distilled water and consequently ethanol to remove the unreacted products. The final products were dried in a hot air oven at 60°C for 8 h. The samples were code named as CuO/UW/ Na, CuO/UE/Na and CuO/UM/Na for distilled water, ethanol and methanol, respectively. The similar procedure was repeated without ultrasonic treatment using double distilled water as solvent and the corresponding sample code is CuO/SG/Na.
Method 2 The CuO nanostructures were prepared by adding drop-wise 200 ml of 0.1 M NaOH dissolved in double distilled water into 200 ml of 0.05 M copper (II) nitrate trihydrate (Cu(NO 3 ) 2 Á3H 2 O) dissolved in double distilled water. These mixtures were irradiated under ultrasound (42 kHz) continuously for 2 h at room temperature. Similar procedure was repeated without ultrasonic treatment using double distilled water as solvent. The black coloured dispersion formed was kept at room temperature for 16 h to get the precipitate. The final product was collected and dried in a hot air oven at 60°C for 8 h. The samples were code named as CuO/UW and CuO/SG for with and without ultrasonic treatment, respectively. The details of samples and their corresponding constituents are presented in Table 1 .
Characterizations
The identification of crystallographic phase and the purity of the obtained CuO nanostructures were carried out by X-ray diffraction (XRD) technique (Bruker, D4 Endeavor).
The power of the XRD (Cu-K a radiation) was fixed at 40 kV and 30 mA. The measurements were made with XRD diffraction angle (2h) in the range of 20°-80°. The size, shape and morphology of the prepared particles were characterized by transmission electron microscope (TEM, JEOL Model JSM -6390LV) and scanning electron microscope (SEM, Philips XL30). The elemental composition was identified through energy dispersive spectrometer (EDS) attached with SEM instrument. The optical absorption property was studied by using UV-visible-NIR spectroscopy and was recorded by using Shimadzu dual beam spectrometer in the range of 200-900 nm. The Fourier transform infrared spectroscopy (FTIR) absorption measurements were carried out using Perkin Elmer spectrometer by KBr pellet technique in the range of 700-400 cm -1 .
Evaluation of photocatalytic activity
The evaluation of photocatalytic activities of the prepared CuO nanostructures was demonstrated by monitoring degradation of MO dye in an aqueous solution in the presence of visible light (Halogen lamp, 7748XHP, 250 W, 24 V) and the power density of light irradiation at the surface sample was 180 ± 20 mW/cm 2 . In a typical experiment, the 5 9 10 -5 mol/l of methyl orange was prepared and 50 mg of synthesized nanocatalyst was added to the dye solution, and then stirred for 30 min in dark condition to achieve equilibrium. During the catalytic experiments, the nanocatalysts were separated from the suspension by using a 0.21 lm polytetrafluoroethylene (PTFE) filter in the regular intervals (30 min) of time. The degradation of MO was determined by measuring the absorption at k max = 464 nm using UV-Vis spectrophotometer (Perkin Elmer Lambda 11).
3 Results and discussion
Structural characterization
The crystalline structure and phase purity of the as-prepared CuO nanostructures were characterized by XRD. Figure 1 shows the XRD patterns of CuO nanostructures obtained by various experimental conditions. All the diffraction peaks can be indexed as monoclinic CuO phase and match well with the joint committee on powder diffraction standards (JCPDS No. 801916) data. The major diffraction peaks located at the 2h angles of 35.48°and 38.66°can be readily indexed as (-111) and (111), respectively. Similarly, other peaks found at the angles of 
Morphological studies
The size, shape and morphology of the CuO nanostructures prepared with different synthetic conditions were characterized by TEM. Figures 2 and 3 show typical TEM images of CuO nanostructures synthesized using different conditions and the images clearly revealed that the solvents and ultrasound has effectively influenced on the morphology and size of CuO nanostructures. The TEM images indicated that the CuO nanostructures prepared using without ultrasound shows the shuttle (with an average breadth of 220 nm and length of 708 nm) and layered oval like morphologies for CuO/SG and CuO/SG/ Na, respectively. On the other hand, with ultrasound, the particles prepared using water as a solvent reflects nanoleaf like morphology (CuO/UW) and nanorods (CuO/UW/ Na). Similarly, the particles prepared using ethanol as a solvent exhibits spherical (average particle size *14 nm) like nature, whereas methanol leads to the triangular shape particles. Morphology and elemental composition of the prepared nanostructures were analysed through EDS attached with SEM instrument. Figure 4 shows the SEM and EDS spectra of CuO nanostructures (CuO/SG and CuO/SG/Na) synthesized without ultrasound. The SEM images revealed that the materials are oval shape and flakes like structure. From EDS measurements, it can be seen that Cu peaks are located at 0.93, 8.05, and 8.91 keV and oxygen peak at about 0.52 keV without other impurities peak which confirm that the prepared nanostructures are pure CuO. These results are consistent with the XRD pattern. The schematic representation of the formation of various shapes of CuO 
Absorption
The optical properties of nanostructures are strongly depending on the size and shape of the nanostructures [20] . The shape dependent optical absorption spectra of CuO nanostructures are shown in Fig. 6 . UV spectra of the all samples clearly exhibited two bands appeared at around 285 and 363 nm. Previous reports revealed that the shape and size of CuO nanostructures greatly influenced on the optical properties. The affecting the status of polarization such as the modification on the distribution of dipole and the electric field could induced the absorption cross section response as the shape and size changes (extrinsic properties) and the modification in the energy band structures (intrinsic properties) [40] . The anomalous absorption band located at 280 nm is rarely found in the literature [20] and this peak is suggested to be an absorption cross section that is affected by the distribution of dipole or electric field of the sample. Meanwhile, the positions of the absorption band get shifted towards the higher wavelength due to the increase of particle dimension.
FTIR
To investigate the local structure and phonon properties of the prepared nanostructures, Fourier transform infrared spectroscopy analysis in the region of 700-400 cm -1 was done. Naturally, CuO is a monoclinic crystal structure with the space group of C 2h 6 (C2 /c ) and it has 12 phonon branches due to the 4 atoms in the primitive cell.
Factor group analysis predicts that the vibrational modes are at zone centre [41] .
The 1A u (T y ) and 2B u (T x , T z ) are acoustical phonon branches, so that the total vibrational modes at (q = 0) are C Total = A g ? 2B g ? 3A u ? 3B u . Where, A g and B g are Raman active modes and A u and B u are infrared active modes. Mid infrared spectra of the prepared CuO nanostructures in the region of 400-700 cm -1 are displayed in Fig. 7 . The characteristic vibrational bands of CuO are located at 419 for A u and 511 and 607 cm -1 for B u modes [42] . The vibrational band appeared in the higher frequency region at 607 cm -1 is assigned to the Cu-O stretching vibrations along [-101 ] direction and similarly, the band located at 511 cm -1 could be assigned to the vibrations along [101] direction [8] (Table 2) . Moreover, all the vibrational frequencies are changed with respect to the observed morphology of the particles. These variations are attributed due to the size-and shape-induced lattice variations as well as the crystal defects like surface unsaturated coordination sites [43, 44] .
4 Photocatalysis study 4 
.1 Effect of photocatalyst
The photo-degradation activities of the prepared CuO nanostructures with different morphology were determined by monitoring the degradation of MO dye. The characteristic absorption band of MO dye at 460 nm was gradually decreased as a function of visible light irradiation time. Figure 8 represents the degradation performance CuO nanostructures with different morphologies on MO dyes. From the graph, it can be seen that the CuO/UE/Na nanostructures exhibited higher catalytic activities and CuO/SG nanostructures showed lowest catalytic activities in 180 min. The sequence of percentage of degradation performance is as follows: 95.7, 81.5, 71.9, 51.8, 50.4 and 44.9 % for CuO/UE/Na, CuO/UW/Na, CuO/SG/Na, CuO/ UW, CuO/UM/Na and CuO/SG, respectively. The photocatalytic performances of CuO with respect to the various shapes and pollutants are presented in Table 3 . The degradation of organic pollutants in photocatalytic process 
undergoes several stages which are as follows: Initially the organic pollutant will be adsorbed on the surface of catalyst. Secondly, when the light energy feed into the system, the electrons (e cb -) in the valence band are excited into conduction band leaving behind the holes (h vb ? ) in the valence band and, the photo generated electrons are scavenged by molecular oxygen to produce superoxide radical anions (O 2 -) and hydrogen peroxide (H 2 O 2 ) [34] . The overall photocatalytic reactions are as follows [34, 46] :
The created holes and the intermediate products are responsible for the production of hydroxyl radicals [(OH -) and ( Á OH)] in the solutions
The Á OH radicals are the main source of oxidizing agent to degrade the organic pollutants and the reactive oxygen species and holes participated to the oxidative pathways in the degradation of pollutants which are represented as follows [34, 45] :
Mid infrared absorbance spectra of CuO nanostructures prepared by using different experimental conditions 
The nanostructures of smaller in size possess a higher surface area which leads to the extensive adsorption reactions of the contaminants [45] . In addition to that smaller nanostructured materials possess higher migration rates of photo-generated charge carriers towards the surface [35] . In the present studies, the TEM results confirmed that the spherical particles are in the range of 10-15 nm. The similar kind of observation has been reported by Sharma et al. [34] .
The photocatalytic degradation of MO under visible light irradiation obeyed pseudo-first order kinetics is expressed by the following equation [47] .
where, C 0 and C are the concentrations of model dyes at the irradiation time 0 and t minutes, respectively. The calculated apparent rate constant (k) values are listed in Table 1 . The values clearly indicated that the spherical nanostructures have high reaction rate than the other morphologies due to their smaller size in the range of 10-15 nm (Fig. 2) . It is well known that when the particle size decreases, the surface area increases. The higher surface area of the photocatalyst significantly improves the redox reaction during the visible light irradiation and the surface properties led to influence the efficiency of catalyst [48] . Furthermore, the morphology of the photocatalyst also played a vital role to influence the final degradation efficiency as reported earlier [42, 49] . The similar observation was reported by Saravanan et al., where, the spherical shaped nano zinc oxide exposed superior photocatalytic activity when compared with the spindle and rod shaped zinc oxide nanostructures [50] .
Effect of catalyst concentration
The amount of catalyst is one of the important factors for affecting the degradation of dyes and also to avoid the excess usage of catalyst in the experiments. The influence of catalyst loading of CuO/UE/Na on degradation of MO is displayed in Fig. 9a . The percentage of MO degradation was found to be 53.57, 60.8, 69.7, 85.7 and 95.7 % for 10, 20, 30, 40 and 50 mg/l, respectively, and the percentage of MO degradation was increased with respect to the amount of catalyst. There are different parameters are responsible for the enhanced percentage of degradation rate upon loading of CuO catalyst. When the concentration of catalyst is more, the photoactive site is increased through light scattering and reflection and also the surface active sites are increased considerably [59] . Similarly, the absorption of photon rate is increased with respect to the catalyst concentrations [60] . All these features are responsible for the increase in photo-induced charge carriers at the catalyst surface which leads to increase the OH radicals, thus result in an enhanced visible light photodegradation of MO.
Reusability studies
Reusability study is an important parameter to analysis the photostabilty and photocorrosion properties of the catalyst for industrial applications [61] . This is because of the photostabilty may diminished upon direct illumination of visible light. Figure 9a represents the reusability study of CuO/UE/Na spherical nanostructures catalyst for degradation of MO for three subsequent cycles. To study the photostability of catalyst, we collected the catalyst remained after the degradation reaction, washed and dried at 100°C for 15 min, and it was used for further reactions. The catalyst was found to be active for 3 cycles without any major deactivation. More than 95 % of degradation was achieved after 3 cycles. The reusability studies confirmed that the prepared CuO nanostructures are having high photocatalytic stability and low photocorrosive effect.
Conclusion
In summary, the monoclinic structure of CuO nanostructures with different morphologies were successfully synthesized using presence/absence of low frequency (42 kHz) ultrasound. The results revealed that the morphology of CuO nanostructures can be controlled by adjusting the parameters like ultrasound, solvent medium and mode of the addition. The as-prepared nanostructures have been systematically investigated by using XRD, TEM, SEM, FTIR and UV-vis spectroscopies. The photocatalytic performance of different CuO nanostructures for the degradation of MO was evaluated. The morphology of CuO nanocatalyst played a key role in determining the catalytic activities. The spherical shaped CuO nanostructures exhibited a higher catalytic efficiency of MO than the other morphologies. We concluded that the smaller size and high surface area of the spherical nanostructures are the responsible factors for the higher catalytic properties.
